allowing all base atoms to move. The resulting planar bases represent idealized geometries and are taken as frames of reference for the coordinates of the G:N1-H1 and U:N3-H3 vectors. A set of crystal structures solved at resolutions better than 3.0 Å was selected from the RCSB PDB database with PDB codes listed below. For these structures, base pair coordinates were extracted and used as ensembles representative of base pair geometry (Fig. S1 ). Due to the overwhelming abundance of the G:C and U:A Watson-Crick and G:U wobble base pairs relative to the much less frequently represented U:U and A:U reverse Hoogstein types, only limited subsets of ~200 geometries for Watson-Crick base pairs and ~80 for G-U wobbles were DFT-optimized. In order to facilitate the analysis of the N-H vector deviations and to remove geometry imperfections caused by varying structural resolution, the exact heavy atoms for each nucleotide base in these pairs were replaced by the best-fitted coordinates of the idealized isolated individual bases, mentioned above. While keeping all heavy atoms fixed, the coordinates of the hydrogen atoms in these base pairs were then optimized using B3LYP/6-31G density functionals. The resulting ~600 DFT-optimized geometries of the individual base pairs were used as input for a non-linear least squares optimization routine, which optimizes the variable parameters in eq 1: coordinates of the virtual point (VP) of attraction, force constants of the stiffness potentials, and the constants that describe attraction to the VP and repulsion with the neighboring H atom(s). In order to match the populations observed in the structural database, the contribution from each base pair type to the discrepancy cost function is weighted to correspond to ratios of 1:2:9:27:82 for A:U reverse Hoogstein / U:U asymmetric / G:U wobble / A:U Watson-Crick / G:C Watson-Crick. Due to the high dimensionality of the optimization space (23 dimensions in total for the base pair types listed above), the starting values for the optimized variables were adjusted in a scheme which gradually increased the dimensionality of the optimization space while simultaneously removing the redundant dimensions. Initially, the potentials for all five base pair types are optimized separately. Such relatively lowdimensional calculations quickly converge and lead to the nucleotide-specific potential parameters, such as stiffnesses of the return potentials and the H-H interaction constants, reaching somewhat different values depending on the particular base pair type. In the corresponding to single sets of the stiffness potential constants for a given nucleotide type, are still redundant due to the separate fits of the H-H repulsion potentials, and the parameters describing the U:O2 and U:O4 virtual points of attraction. The locations of these latter VP points were found to be very similar in the separate fits and therefore were defined by a single variable in the final round of fitting, which included all five considered base pair types, starting from the parameters values of the preceding pair of separate U and G potential fits. Definitions of the coordinate frames for the VP points are listed in Supplementary Table S2 . The φ VP angles in Table 1 noting that the X-ray structure of RiboA is of very high crystallographic quality, and that for most RNA structures in the database the use of idealized base geometries becomes more important.
We have also evaluated whether additional terms in the resistance potentials would be beneficial relative to the harmonic form of eq 1. Based on symmetry considerations, we added quartic terms to the out-of-plane and cubic terms to the in-plane stiffness potentials. Reparameterization of the overall potential with these terms included did not result in a noticeable improvement in the accuracy of the predicted (θ, φ) values, which indicates that our simple harmonic model for the resistance potentials is sufficient to adequately reproduce the observed angular deviations of the NH vector.
PDB codes corresponding to the RNA structural database used in this study: 2EZ6, 2A43, 1ZHO, 1Z43, 1ZCI, 1ZEV, 1TFW, 1T0D, 1SJ3, 1SJ4, 1S03, 1RC7,   1R3E, 1Q96, 1Q93, 1Q9A, 1NUJ, 1FEU, 1KH6, 1XJR, 1VC7, 2FGP, 2BCZ, 1ZFX 
The x axis of these frames coincides with the sum of the normalized vectors A1-OO and A2-OO for the N atoms and with the vector A1-OO for the O atoms. The z axis is defined as the vector product of (A1-OO)*(A2-OO). See also Fig. S5 . 2h J NN and (B) imino 1 H chemical shifts, generated for base-paired nucleotides in RiboA, with protons added either in their idealized positions using the program REDUCE, or in DFT-derived N-H orientations, but with their bond length scaled to the REDUCE value of 1.00 Å. All the coupling and shielding calculations were carried out using DFT at the B3LYP/6-311++G** level in Gaussian09. The calculated coupling constant is the sum of the Fermi contact, spin-dipolar, paramagnetic spin-orbit, and diamagnetic spin-orbit contributions (Helgaker et al., J. Chem. Phys. 2000, 113, 9402-9409; Sychrovský et al., J. Chem. Phys. 2000, 113, 3530-3547) . For the shielding computation, the Gauge-Independent Atomic Orbital (GIAO) method (Ditchfield, R. Mol. Phys. 1974, 27, 789-807) 
